A tilting calibration mechanism is periodically deployed to view the reference temperature target during on-board calibration of a spaceborne imaging sensor and stowed after calibration. In the present work, we have proposed a new design strategy using a shape memory alloy (SMA) spring as an actuator that provides a fail-safe function to prevent the blocking of the main optical path when the mechanical driving part of the mechanism is stopped at a certain position during on-board calibration. Although a launch locking device was not considered in the design, this approach makes it possible to impose mechanical constraints on the driving part of the mechanism in severe launch vibration environments. The effectiveness of the proposed design was experimentally validated by a deploying and stowing function test and launch vibration environment tests such as a sine burst test, a random vibration test, and a pyroshock simulating impulse shock test. The test results demonstrated that the mechanism fulfills all the required functions for on-board calibration. The use of an SMA spring actuator was proved effective for implementing the dual function of a fail-safe in an emergency phase and a mechanical constraint on the driving part of the mechanism in severe launch vibration environment.
Introduction
To ensure long-term stability of spaceborne imaging sensors, the nonuniform output characteristics of such sensors should be periodically calibrated by using the on-board calibration system during its on-orbit mission lifetime. Several types of calibration processes for using on-board calibration devices have been proposed and used in actual space programs [1] [2] [3] [4] [5] . Therefore, an on-board blackbody has been used to provide a uniform and precisely known radiance temperature target to calibrate the imaging sensor [2] [3] [4] [5] . Furthermore, a tilting mirror calibration mechanism has been employed [6, 7] to reflect the radiance from the blackbody on the sensors. The main function of the mechanism is periodically deployed to view the blackbody during the calibration and is stowed thereafter to avoid interference between the field of view and the main optical path. However, when the calibration mechanism stops unintentionally on the main optical path owing to a motor failure or an unexpected problem during its on-orbit operation, it is not possible to carry out the primary objective of image acquisition any more. Therefore, the implementation of a fail-safe function for the mechanism in emergency conditions should be considered in the design itself, so that the stopped mechanism does not obstruct the main optical path. Oh et al. [6] proposed using a shape memory alloy (SMA) frangibolt-type actuator to implement the fail-safe function of the calibration mechanism. This actuator is used to release the mechanical constraint between the motor shaft and mirror shaft during emergency conditions. Upon its activation, the mirror shaft connected to the motor is automatically stowed by the restoration force of a return spring. Suchman et al. [7] also proposed an MIRO calibration switch mechanism with a fail-safe function achieved by using a pin puller. Its basic principle is the same as that of the tilt mirror mechanism proposed by Oh et al. [6] . The structural safety of the mechanical driving part of both mechanisms in harsh launch vibration environments was ensured by incorporating a launch locking mechanism.
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One of the most frequently used smart material-based devices with flight heritage in actual space programs is SMAtype holding and release actuators [8] [9] [10] . Owing to their simplicity, reusability, high reliability against fatigue, and much lower shock levels than conventional pyrotechnic devices, these devices have been widely used in nonexplosive separation mechanisms for the release of mechanical constraints. However, the usage of multiseparation devices for implementing a fail-safe function and introducing mechanical constraints on the driving part of the tilting mechanism might lead to higher system complexity and increased development costs.
Therefore, in this study, we considered an SMA spring actuator to implement the dual function comprising fail-safe and mechanical constraint on the tilting calibration mechanism, although the separation device was not used in this design. The unique characteristic of an SMA spring originates in the solid-solid state phase transformation according to its operating temperature. The deformed shape of a helical SMA spring at temperature below the martensite start temperature can be reversed completely by heating the material above the austenite finish temperature [11] . Combinations of SMA springs and helical coil springs are generally used in smart actuators because they produce a high recovery force during the heating process [12, 13] and are compressed again by the recovery force induced by the coil springs during the cooling process. Pan and Huang [14] performed a systematical study on the SMA based biased actuator upon thermal cycling. They reported that the transformation temperature interval increases, while temperature hysteresis decreases as the geometry of the SMA and/or stiffness of the coil spring increases in a biased SMA actuator. Using this approach, it is possible to substitute the usage of multiseparation devices. This is a salient feature of the mechanism design proposed in this study.
In this paper, the design methodology of the tilting mechanism using SMA springs has been introduced. To verify the effectiveness of the mechanism, we performed operational function tests of the mechanism, including failsafe operation. Furthermore, the mechanism was exposed to the conditions of qualification level of launch environment vibrations through tests such as sine burst, random vibration, and shock tests to confirm the faultless operation of the mechanism following these mechanical tests. The test results demonstrated that the design approach using an SMA spring is feasible for realizing the design goal of implementing the dual function in the on-board tilting calibration mechanism. Figure 1 shows the on-board calibration process using the tilting calibration mechanism proposed in this study. A blackbody to provide the reference radiance temperature necessary for sensor calibration is mounted directly on the tilting mechanism. The required function modes for a normal operation of the mechanism during on-board calibration are the deploying and stowing modes with the fail-safe mode being required for an emergency phase. In the deploying mode, the calibration mechanism comprising a blackbody is deployed to provide a reference radiance temperature to the imaging sensor as shown in Figure 1(a) . After completing the on-board calibration of the imaging sensor, the mechanism is stowed, thereby securing the main optical path again for the execution of image acquisition, as shown in Figure 1(b) . If, in the image mode, the deployed mechanism is stalled at a certain position on the main optical path, there is interference between the main optical path and the mechanism. This prevents the image sensor from carrying out any image acquisition. The fail-safe mode for emergency condition does not allow an intervention, thereby ensuring that any such obstruction is removed from the main optical path as shown in Figure 1(c) .
Spaceborne Tilting Calibration Mechanism

Operation Modes and Design Drivers.
The main design driver is to implement the aforementioned functions of deploying, stowing, and fail-safe on the tilting mechanism. Moreover, the mechanism shall be designed such that the structural safety of the mechanical driving part is guaranteed in harsh launch vibration environments by incorporating the function of a launch constraint. This function including a fail-safe for emergency conditions can be achieved by applying separation devices as proposed in a previous study [6] . However, using the multiseparation devices led to increased system complexity and lower reliability; additionally, the total mass of the system increased as well. Furthermore, if the launch locking mechanism fails to successfully release the launch constraint, it is not possible to perform the on-board calibration anymore. The main design objective of this study is therefore to implement the dual function of a mechanical constraint and a fail-safe within the mechanism for both launch and emergency phases without the use of additional separation devices.
Design Description of the Tilting Calibration Mechanism
Using SMA Spring Actuator. SMA is a class of smart materials with unique properties, which include shape memory effects, pseudo elastic effects, high damping characteristics, high reliability with respect to fatigue and corrosion resistance, and an electric resistance effect [11] . A large deformation of SMA can be reversed by changes in temperature or stress. Recently, SMA have found numerous applications in different fields of aerospace engineering, particularly in nonexplosive-type actuators for hold-and-release mechanisms [8] [9] [10] .
In this research, to achieve the design goal of the onboard tilting mechanism, we focused on the smart material of the SMA spring actuator as shown in Figure 2 . The SMA spring based on the shape memory alloy effect generates a restoration force and a large stroke during the heating process. A deformation of an SMA spring caused at a temperature below the martensite start temperature can be reversed completely by heating the material above the austenite finish temperature [11] . The SMA spring can also be used as a mechanical two-way actuator as described in [16] when it is used in combination with a helical coil spring as shown in Figure 2 (b). For example, a coil spring is able to completely revert the SMA spring to its compressed length in the martensite phase. On the other hand, the coil spring can be completely compressed by the restoration force generated by the SMA spring during the heat-up phase. In this study, this mechanical two-way interaction characteristic of the SMA spring actuator was applied to achieve the design goal of the calibration mechanism. Figure 3 shows the mechanical configuration of the onboard tilting calibration mechanism proposed in this study. The mechanism comprises primarily the base structure module, the driving structure module, and the actuator module. The actuator module is used to activate the stowing and deploying of the driving structure module during the onboard calibration. It consists of a stepper motor, a coupling, and locking pin holder bracket with two holes. The driving structure module consists of the locking pin housing with two locking pins combined with the mechanical two-way SMA spring actuator, a counterweight for the mass balancing of the driving part, and a tilting plate to mount the calibration equipment, such as a mirror or a blackbody. The base structure module consists of a base frame, ball bearing brackets, a constant-force spring to apply a restoration force on the mechanical driving part during fail-safe operation, and limit switches to monitor and judge the status of each mission mode. Figure 4 shows the operating principle of the calibration mechanism for each operation phase. In the launch phase, the calibration mechanism maintains a stowed position as shown in Figure 4 (a). In this condition, it is imperative to secure the structural safety of the driving structure module in a launch mechanical environment. For this, the position of the two locking pins in combination with the SMA springs and helical coil springs inside the locking pin housing is important to impose a mechanical constraint on the driving structure module in a launch vibration environment. The figure also shows the position of the locking pins marked on the locking pin holder bracket connected to the stepper motor and a bearing bracket located on the opposite side of the motor. The two holes on the locking pin holder bracket maintain the shifted angle position with respect to the locking holes on the bearing brackets. Hence, the two locking pins are compressed to the right side of the bearing bracket and locked in the launch locking holes on the bracket as shown in Figure 4 (a). This makes it possible to implement a mechanical constraint on the rotational direction of the mechanical driving structure module in launch environments. In such a situation, there is no mechanical connection between the motor shaft and the driving structure module. In the calibration phase, the release of the mechanical constraint on the driving structure module is achieved by the in-orbit activation of the stepper motor. When the two locking pins having surface contact with the locking pin holder brackets as shown in Figure 4 (a) coincide with the two holes on the locking pin holder bracket during its rotational movement initiated by the motor activation, the locking pins mechanically locked in the locking holes on the right side of the bearing structure in the launch phase are automatically shifted by the restoration force of the coil spring to the holes on the locking pin holder bracket on the motor as shown in Figure 4 (b). Therefore, after the release action, the motor is able to transmit the rotational torque to the driving structure module and thus apply both deploying and stowing functions on the mechanism. During the execution of onboard calibrations, the SMA springs are compressed to the left side of the locking pin holder bracket by the restoration force of the coil spring.
According to European Cooperation for Space Standardization [17] , the mechanism should consider additional design improvements to remove a potentially critical problem if the value of criticality is greater than six, even though the mechanism meets the allocated reliability. In this regard, obstruction of the main optical path due to an unexpected problem during the on-orbit operation of the mechanism is viewed as a critical item for an image acquisition. The criticality number obtained from a severity number of three and a probability number of three is nine if obstruction of the main optical path is considered as a critical item. The motor can be designed with redundancy combined with a mechanical latch, so that when one motor fails, the other takes its function. This ensures that the calibration mode continues operating. However, this makes the system complex and affects the reliability of the mechanism. To avoid design complexity and a potentially critical failure, a fail-safe function using SMA spring actuators was integrated in the mechanism to remove the stopped tilt mirror from the main optical path. In the emergency phase, heating of the compressed SMA springs generates a recovery force to overcome the coil spring force. As a result, the locking pins are shifted to the right side of the dedicated fail-safe holes on the bearing brackets as shown in Figure 4(c) . Subsequently, the driving part is automatically stowed along the fail-safe holes on the bearing structure by the restoration force of the constant-force spring. This results in the mechanical constraint between the motor and the locking pins on the driving part being released from the locking pin holder bracket, with the driving structure module being automatically stowed to a dedicated position for the fail-safe as shown in Figure 4 (c). For a conventional calibration mechanism investigated by Oh et al. [6] , the mechanism loses its main function of the calibration once the separation device is activated during an emergency condition. In contrast, the calibration mechanism International Journal of Aerospace Engineering proposed in this study can recover its calibration function again if it was judged that there was no critical failure on the motor through failure, detection, isolation, and recovery (FDIR) process. The released locking pins positioned in the fail-safe holes on the right side of the bearing bracket can be automatically shifted to the holes on the locking pin holder bracket on the motor side. The shifting of locking pins transmits the rotational torque to the driving structure by initiating a rotational movement of the motor upon cooling of the SMA spring below the martensite temperature. The successful operation of the mechanism is monitored by the limit status switches consisting of stow status switch (SSSW), deployment status switch (DSSW), and emergency status switch (ESSW) for each mode. DSSW also provides information for judging the transition to the holding torque of the motor when the limit switch is turned on. For redundancy, two limit switches were implemented. Figure 5 shows the development model of the on-board tilting mechanism to validate the effectiveness of the design through operational function test and launch environment tests, such as sine burst test, random vibration test, and shock test. In the development model of the mechanism, a dummy plate of the driving structure module was used to simulate the mass and the center of gravity of the on-board blackbody. The other parts, including the SMA springs, were the same as in the flight model of the mechanism. The total mass of the mechanism is 4.97 kg with a maximum volume of 308.5 × 225 × 300 mm 3 when its driving structure module is fully deployed for the execution of on-board calibration. The deployed position of the mechanism is maintained by the holding torque of the motor during the calibration time of 3 s. To control the stepper motor accurately, a microstepping control function is programed in the motor driver.
For the design of the calibration mechanism, we derived the torque budget using the ECSS standard rule [18] . The required torque for a step motor should be larger than or equal to the sum of the external torque from the limit switches, the ball bearings, and constant-force springs with some margin as follows:
where is the required motor torque; is the limit switch torque; is the constant-force spring torque; is the bearing friction torque. For the fail-safe function, the constant-force spring torque of should be larger than
where is the rotational friction torque between the locking pin and the fail-safe holes on the bearing bracket. Table 1 summarizes the torque budget of the tilting calibration mechanism and specification of the hardware selected for the mechanism. The use of an SMA spring in combination with a helical coil spring is important for the implementation of the fail-safe function in the mechanism. Table 2 lists the specifications of the SMA spring (SAES Getters Group, SmartFlex015) [15] and the helical coil spring used in the mechanical two-way actuator in emergency conditions. 
Experimental Validation of Test Results
To validate the effectiveness of the proposed design of the tilting calibration mechanism, we performed operational function tests such as deploying, stowing, and fail-safe. The functional test results prior to a sine burst test, random vibration test, and shock test to check the structural safety of the mechanism in a launch environment were compared with the functions after the launch environment test. The target angle for judging successful deployment measured from the stowing position of the mechanism was 118 ∘ ± 0.35 ∘ , and the required stowing angle to avoid interference with the main optical path was less than 35 ∘ . A total of seven angle measurement tests were conducted to ensure the functionality of the mechanism. The tests were conducted at 20 ∘ C in an ambient environment. Figure 6 shows an example of operational function test results for each of the stowing, deploying, and fail-safe operation modes. To judge the successful operation of the mechanism, the deploying and stowing angles in each phase were measured using an encoder (Lika Electronic Co., I65-L-10000ZCU1EL2), attached on the rotational axis of the mechanism as shown in Figure 6 . This was intentionally attached only for the deploying and stowing angle measurement. Figure 7 shows the time histories for the measured deploying and stowing angles and voltage signals from the motor and switches obtained during the launch lock release test, and stowing and deploying function tests. The configuration of the stowing mode of the mechanism, as shown in Figure 6(a) , is the same as that of the launch phase. In this condition, the rotational movement of the driving structure module is locked by the locking pins as defined by the operating principle in Figure 4(a) . The function test result shown in Figure 7 includes a launch lock release function test of the mechanism. The test result indicates that the launch constraint is successfully released after 13 s after motor activation, as shown in the time history of the counterclockwise motor signal. The mechanism is thus able to transmit the rotational torque for implementing the deploying function for the on-board calibration of the image sensor as defined by the operating principle in Figure 4(b) . Therefore, the driving structure module of the mechanism maintains the deploying configuration with the help of the holding torque of the motor. After calibration, the stepper motor activation ensures that the mechanism returns to the stowed position, as shown in Figure 6 (a). The signals from the SSSW and DSSW in Figure 7 also show the successful mission mode execution from the launch release to stowing of the mechanism. Figure 8 shows the time histories for the measured angle, input voltage to the SMA spring actuator, and voltage signals from the motor and switches obtained during the failsafe function test performed under the assumption that the deployed mechanism was stalled on the main optical path during on-board calibration. To check the functionality of fail-safe, an input voltage of 5.5 V and a current of 4.5 A were applied to the SMA spring actuators approximately 40 s after the mechanism was fully deployed. The time profile of the switch signal for the ESSW shows that the mechanical constraint between the motor shaft and the driving structure module was released upon activation of the SMA spring actuator as defined by its operating principle in Figure 4 (c). The deployed mechanism was successfully stowed to the designated position for the fail-safe function by the restoration force of the constant-force spring as shown in Figure 6 (c). After the start of heating at an ambient temperature of 20 ∘ C, it took approximately 130 s for the temperature of the actuator to reach approximately 100 ∘ C, at which point the mechanical constraint was released. The release time of the mechanism should be improved under vacuum conditions compared to air conditions [19] . The actual temperature distribution on the SMA spring actuators was not directly measured in the test because they were installed inside of the locking pin housing. In the test, we just measured the release time of the mechanism after starting of heating. The geometry effect in triggering the actuation of NiTi shape memory alloys by constant and cyclic electrical current was investigated in [20, 21] . These operational function test results indicate that all the required functions for the on-board calibration mechanism were successfully demonstrated.
To guarantee the structural safety and successful on-orbit operation of the calibration mechanism in severe launch environments, launch vibration tests such as sine burst test, random vibration test, and shock test were carried out under qualification level. The main objectives of the tests were to verify the effectiveness of the mechanism design and to judge the suitability of the proposed method for use in space programs before actual flight demonstrations take place. Figure 9 shows the launch environment test set-up for the shock test and the vibration test for the mechanism. The qualification test specifications have been summarized in Table 3 . An accelerometer sensor, which is used to apply input test loads, was mounted on the test fixture. The output responses of the mechanism were monitored using accelerometers attached to the motor and the bearing bracket. The effectiveness of the mechanism design was validated by comparing the variation in the measured angle values of the mechanism before and after the tests. Figure 10 shows an example of a sine burst test result for the mechanism along the -axis. The output acceleration was measured at the motor mounting bracket. In the sine burst test, a design load of 40 g was applied to the mechanism along each axis in the test method of employing ramp-up and rampdown for seven cycles. In addition, random vibration tests for each axis were performed according to the qualification test specifications listed in Table 3 . Figure 11 shows the random vibration test results for the mechanism for each axis. With respect to a test input of 12.44 rms , the measured rms values on the motor mounting were 32.1, 38.1, and 29.2, respectively, for each axis. Figure 12 shows an example of a shock test result obtained from a pyroshock simulating test using an impulse shock generator as shown in Figure 9 (a). The figure shows the input profile of the SRS (Shock Response Spectrum) measured at the base plate where the mechanism was mounted, and a maximum 1000 g of SRS was applied to the mechanism. Figure 13 shows the measured deploying angle values of the mechanism before and after launch environment tests at the qualification level. The maximum variation in the value of the angles was less than 0.094%, which meets the requirement of the variation being within 5% of the nominal target angle requirement of 118 ∘ ± 0.35 ∘ from the stowed position as shown in Figure 6 (a). Figure 14 shows the measured stowing angle values of the mechanism before and after launch environment tests. The results indicate that the stowing angle increased slightly after the random vibration test compared to the results obtained before the random vibration test. The values ranges are from 1.4
∘ to 1.8 ∘ . Considering the requirement of less than 35 ∘ for not obstructing the main optical path, there is enough margin. Figure 15 shows the measured stowing angle values of the mechanism after execution of fail-safe function before and after launch environment tests. A total of three fail-safe tests were conducted before and after the vibration test to evaluate the validity of the fail-safe function using SMA spring actuators. The release time of the mechanism after activation of the SMA spring actuators at the ambient temperature of 20 ∘ C was also plotted in Figure 14 . These fail-safe tests were successfully performed as shown in Figure 6 (c), and the angle measurement results of the fail-safe were within a tolerance of 32.5 ∘ ± 0.4 ∘ . This indicates that the stowed mechanism after fail-safe did not interfere with the main optical path. The measured release times when the input power was 25 W were less than 180 s with a little variation in ambient temperature conditions. The release time can be reduced by increasing the input power, while in vacuum it should be faster than in ambient conditions [19] . The test results indicate that the current design of the mechanism can guarantee a reliable cut through the mechanical constraint between the motor and the driving structure module in emergency conditions. The test results also indicate that using Number of tests an SMA spring actuator is effective in applying the fail-safe and launch locking functions to the mechanism. The function test results shown in Figures 13, 14 , and 15 demonstrate that all the functional requirements could be successfully verified after the launch vibration tests performed at qualification level. This can also ensure the survivability of the mechanism in launch environments
Conclusion
The tilting calibration mechanism using SMA spring actuators proposed in this study provides the dual function of imposing mechanical constraints on the driving part of the mechanism and providing a fail-safe function in launch and emergency phases. The main function of the mechanism is to deploy a driving structure module during calibration and stow it after calibration or an emergency phase to avoid blocking the main optical path for image acquisition. In addition, the function of launch constraint for the driving structure module in a launch environment can also be achieved without using the launch locking device generally used in a conventional mechanism. To validate the effectiveness of the mechanism design, operational function tests were performed. The mechanism was also exposed to the launch vibration environment and the measured angles for deploying, stowing, and fail-safe function of the mechanism were compared with those from before the vibration environment test. The test results indicated that the design approach proposed in this study is feasible for achieving the design goals of the tilting calibration mechanism.
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